OBJECTIVEdIncreased advanced glycation end products (AGEs) and oxidation products (OPs) are proposed to lead to progression of diabetic nephropathy (DN). We investigated the relationship between AGEs, OPs, and progression of DN in 103 subjects with type 1 diabetes participating in the Natural History of Diabetic Nephropathy Study.
W
hen considering the high economic and personal cost of diabetes-related renal disease worldwide, it is clear that better earlier predictors of diabetic nephropathy (DN) are needed. Identifying specific biochemical biomarkers predictive of DN has the potential to allow the identification of patients at high or low risk of diabetes complications during the earliest stages of diabetes, when they are still preventable.
Although several large-scale studies have clearly demonstrated that intensive glucose control plays a role in preventing or delaying diabetes complications (1,2), effective new biomarkers for early detection of clinically evident kidney damage have not been established (3) (4) (5) (6) . The current major biomarker for progression of DN, the appearance of albuminuria, often is unable to identify those at greatest risk during the long 10-to 20-year "silent phase," during which evolving structural damage is not otherwise clinically apparent (7) ; by the time these markers become positive, substantial glomerular damage can already be present (8, 9) . HbA 1c as a tool to predict diabetes complications also has significant shortcomings (10) (11) (12) (13) , and this early chemical reaction product (Amadori product) is unable to detect the more complex advanced glycation/oxidation products that may induce vascular damage. On the basis of the limitations of the biomarkers used currently, clinical treatment decisions have to be made on the premise that all diabetic patients are equally susceptible to complications when early aggressive goals are attempted in the treatment of glycemia.
The task of predicting DN is further complicated by the variable propensity to diabetes complications among individuals with diabetes (7, 14, 15) . Although poor glycemic control is clearly a risk factor (16) for DN, accelerated DN may occur in some individuals with modest hyperglycemia, whereas others never progress in spite of poor glycemic control over many years (17, 18) . Studies of families show clustering of the risk of DN (14, 15, 19, 20) , and there is concordance for the severity and patterns of diabetic glomerular structural lesions among pairs of siblings with type 1 diabetes (T1DM) (7) . Further support for a variable response of the kidney to hyperglycemia comes from work showing that other less well-defined variables, of equal or greater importance to glycemia, strongly influence nephropathy risk (21) .
New insights into individual propensity to DN is provided by the observations that increased cellular production of methylglyoxal, a highly reactive a-dicarbonyl, and increased oxidative stress occur in patients with rapid DN progression (22) (23) (24) Since these dicarbonyl and oxidative pathways ultimately result in the formation of specific long-lived advanced glycation and oxidative end products (OPs) (25, 26) , which integrate the activity of precursor pathways over time, our hypothesis is that these products may have the potential to predict DN. Therefore, we have performed cross-sectional analysis of the relationship between the accumulation of these products and preceding rapid histologic change in glomerular basement width in a unique study population with T1DM (4, 27, 28) .
RESEARCH DESIGN AND METHODS

Study population
We used blood samples from 103 normoalbuminuric subjects participating in the Natural History of Diabetic Nephropathy Study (NHDNS). This study was designed to examine the early development of DN in subjects with T1DM, as determined by electron-microscopic quantification of two research renal biopsies performed 5 years apart (4, 28) . The characteristics of this young population with T1DM are shown in Table 1 .
The primary renal end point in this population was defined as change in glomerular basement membrane (GBM) width from baseline to 5 years, measured using electron micrographs of renal biopsies. Mesangial fractional volume was measured as a secondary end point. Fast progressors (FPs) were defined as patients in the upper quartile (n = 24) of GBM thickening, and slow progressors (SPs) comprised the remainder of the patients (n = 79).
Plasma sample processing Plasma samples were collected at the 5-year NHDNS visit by a rigorous protocol where blood was collected in tubes containing EDTA and immediately placed on ice and centrifuged. Following centrifugation, plasma was immediately separated from red blood cells, snap-frozen in dry ice, and stored at 2808C until analyses were performed. We performed analyses on the plasma filtrate, prepared by centrifugation through 10-K cutoff Amicon filters, using liquid chromatography/ triple-quadruple mass spectroscopy (LC-MS/MS). This fraction contains both free advanced glycation end products (AGEs) and OPs as well as peptides of various sizes, and our analytical method measured the free products as described below. AGEs measured included carboxymethyl lysine (CML), carboxyethyl lysine (CEL), glyoxal hydroimidazolone (GHI), methylglyoxal hydroimidazolone (MGHI), and 3-deoxyglucosone hydroimidazolone (3DGHI). CEL and MGHI are methylglyoxal-derived AGEs of lysine and arginine, respectively. OPs included methionine sulfoxide (MetSO), 3-nitrotyrosine, 2-aminoadipic acid, and dityrosine.
Biomarkers measured
Within-analysis variation
The within-analysis coefficient of variation for 10 consecutive runs for the same plasma filtrate varied from 8.6% (MGHI) to 11.6% for GHI.
Stability of stored AGEs and OPs over time
We initially analyzed the mean levels of our AGEs and OPs in NHDNS plasma samples stored at 2808C for 10 years and compared these results with freshly drawn and prepared plasma samples from 6 young subjects with T1DM. Even for products sensitive to oxidative stress, such as MetSO, these analyses showed similar mean levels of both AGEs and OPs (data not shown).
Statistical analyses
Both continuous and categorical statistical methods were used to investigate the relationships between the AGEs/OPs and nephropathy progression based on the 5-year change in GBM width and mesangial fractional volume.
Linear regression analyses including each biomarker as a continuous covariate were fit to data from 103 participants. Both simple linear and multiple linear regression analyses were performed, including the last HbA 1c , diabetes duration, and sex as multiple regression covariates when analyzing GBM; age was added to this list for analyses of change in mesangial expansion score, defined as the change in mesangial fractional volume factored for the time between baseline and follow-up biopsies. Parametric t tests (parametric) and nonparametric Wilcoxon rank-sum analyses were used to compare levels of AGEs and OPs in FP and SP groups.
Using logistic regression, we also developed predictive equations relating each biomarker to the probability of classification as FP of nephropathy. CML and MGHI values were log transformed when used as predictors. On each plot we could determine the intersection between an observed value and the probability of a subject showing a greater degree of progression of DN over 5 years. We also determined the odds ratio (OR) for a 1-SD difference in CML, CEL, and MGHI as well as HbA 1c . These are displayed as forest plots.
RESULTS
Changes in renal histology occurred early
Analyses of the baseline data from the NHDNS cohort have shown that biopsy changes consistent with early DN lesions could present within a few years of the onset of T1DM, well before clinical evidence of their presence is discernible, and that these baseline structural changes are predictive of the later development of persistent microalbuminuria (29) . Three AGE biomarkers were significantly higher in FPs As shown in Table 2 , MGHI, CEL, and CML levels were significantly higher in GBM-defined FP relative to SP. The other AGE and oxidative biomarkers measured (GHI, 3DGHI, MetSO, and 2-aminoadipic acid) were not associated with DN progression ( Table 2 ). Levels of 3-nitrotyrosine and dityrosine were below the limits of detection. No AGE or OP predicted mesangial expansion.
AGE biomarkers add to the predictive value of the regression model Further regression analyses exploring the value of these three biomarkers (MGHI, CEL, and CML) in retroactively predicting early DN found that HbA 1c at year 5 accounted for 4.7% of the variation in GBM width (R 2 ), and the proportion of variation in GBM width accounted for by the model increased to 11.6% when MGHI, CEL, and CML were added (7.9% increase). MGHI was also a significant independent predictor of GBM increase in this analysis.
Logistic regression models of FP and SP of DN using the three informative AGE biomarkers and HbA 1c We used a logistic regression model to develop optimal predictive equations relating each biomarker to the probability of a subject's classification as an FP. CML and MGHI values were log transformed for the statistical analysis but then backtransformed when creating the predictive probability plots shown in Fig. 1 . For each biomarker, but not for HbA 1c (P = 0.28), there was a significant relationship to the probability of classification as an FP (Fig. 1) . For CML, CEL, and MGHI, but not HbA 1c (P = 0.28), we noted significant relationships between the levels of the biomarkers and the probability of a subject being in the FP group, with P values of 0.02, 0.03, and 0.048, respectively. On each plot, as noted in Fig. 1 , we could also determine the intersection between an observed value and the probability of a subject being in the FP group. Thus, using CEL as an example, a value of 0.3 nmol/L could be translated into a 10% FP risk of DN, whereas a value of 0.9 nmol/L is associated with a 50% risk.
Using this logistic regression model we also determined the OR for a 1-SD difference in the three biomarkers of interest as well as HbA 1c . The ORs for FP for CEL (1.72), MGHI (1.68), and CML (1.95) were statistically significant; this was not the case for HbA 1c (1.29) ( Table 3) . For example, a 1-SD increase in CEL would lead to a 1.72-fold increase in the odds of being in the FP group. This analysis is shown as forest plots in Fig. 2 , with demonstrated significance achieved for CEL, CML, and MGHI but not HbA 1c .
Are FP or SP groups being identified?
To address this question, we looked at the percentage of FPs and SPs in the lower tertile of values for CML, CEL, and MGHI. CONCLUSIONSdThese studies show that the levels of three specific plasma biomarkers are significantly higher in FPs than in SPs, as documented by biopsy, and that these AGE biomarkers together have additive predictive value concurrent with HbA 1c . More specifically, HbA 1c at year 5 accounted for 4.7% of the variation in GBM width (r 2 ), while the proportion of variation in GBM width accounted for by the model increased to 11.6% when MGHI, CEL, and CML were added (7.9% increase). We also observed that MGHI was a statistically significant independent predictor of GBM increase.
The predictive value of these three biomarkers was further explored by using a logistic regression model, where equations relating each biomarker to the probability of classification as FP, defined as the upper tertile of the rate of increase in GBM width, were developed. Using this logistical regression model we have shown that CEL, MGHI, and CML correlate significantly with (predict) FP, whereas HbA 1c does not.
It should also be pointed out that all biomarkers were measured at the 5-year point and not at baseline. At this point the degree of progression or nonprogression of DN was apparent on the biopsies, and the accumulation of long-lived AGEs had occurred proportional to the degree of GBM change. Therefore, the use of the term prediction needs to be qualified since CML, CEL, and MGHI retroactively showed significant associations with the change in GBM width over the previous 5 years, suggesting the possibility that these three AGEs reflect the preceding pathogenetic processes involved in GBM thickening.
Since two of the three predictive biomarkers are end products of methylglyoxal (CEL and MGHI), these outcomes support a role for elevated methylglyoxal levels in the development of DN, which is consonant with increased cellular production of methylglyoxal in DN progressors that we and others (22) have observed. Since the OPs measured in these studies were not predictive, an association of oxidative stress in DN progression, as proposed by others, was not confirmed (30) . Since CML formation results from both glycation and oxidation Boldface values are those that were significantly higher in FPs. *Wilcoxon rank sum test.
(31), however, it is possible that correlation of this AGE with GBM thickening also reflects some role for oxidative processes. The method of collection, storage, and processing of samples is important because improper handling can lead to artifactual oxidation, as we found for MetSO, which was elevated in serum samples from this study that were not collected or stored per protocol. This effect was not observed, however, in appropriately processed plasma samples used in this study. We chose to measure our biomarkers in the plasma 10-K filtrate, which contains both free AGEs and OPs as well as peptides, although our assay measured only the "free fraction," which represents breakdown products released into plasma by proteolytic digestion of chemically modified tissue proteins. Therefore, changes in plasma concentrations of free AGEs and OPs have been chosen as our primary analytical end point, since they have been shown to reflect generalized tissue damage in diabetes (26) . We also considered measuring protein-bound AGEs and OPs produced by sequential digestion of plasma with multiple proteolytic enzymes (26) but decided not to because our preliminary studies showed only modest increases in biomarker levels in diabetic patients versus controls relative to that seen for the 10-K filtrate. We also decided not to measure urinary AGEs and OPs because of the confounding effect of widely varying renal clearance of products previously observed (25) , leading to poor correlation with plasma levels.
Only a single plasma sample collected and processed by a rigorous protocol was analyzed in this study. Finding correlation of specific AGEs in this single plasma sample with progression of an important DN lesion suggests, but by no , but not for HbA 1c (panel A) (P = 0.28), measured at the same time, , there was a significant relationship with the probability of classification as an FP (CML P = 0.02; CEL P = 0.03; MGHI P = 0.048). For HbA 1c , the relationship was significant when fit to the entire sample (n = 186) over 5 years (P = 0.006). (32) (33) (34) , the former is possible. There has been considerable interest in the relationship between AGEs and the development of DN, and an excellent review has summarized the outcomes of the relevant studies (34) . In general these studies differ from that reported here in that limited numbers of AGEs and OPs were quantified, and more advanced nephropathy was usually present at the time of measurement of AGEs or OPs. We believe that this makes it unlikely that our results are influenced by albuminuria or impaired renal function and that our results relate primarily to the presence or absence of clear early, phenotypic, diabetes-related changes in kidney structure as opposed to most other studies, which showed that renal impairment or leakage of protein into urine can independently influence biomarker levels. CML levels in skin collagen sampled at the end of the Diabetes Control and Complications Trial (DCCT) were shown to correlate with later development of DN (35) , but our approach does not require such an invasive procedure to obtain tissue. Our outcomes also differ from those of Perkins et al. (36) , who paradoxically observed significant increases in plasma free fraction CML, GHI, 3DGHI, and MetSO in normoalbuminuric diabetic subjects relative to those with established microalbuminuria.
We used increased GBM width as our primary renal end point, since increased GBM width has been shown to be the earliest structural indicator of progression of nephropathy to microalbuminuria in the overall NHDNS study population (29) . Since changes in mesangial fractional volume are, on average, minimal in the first 15 years of T1DM, it did not serve as an early structural predictor of progression to microalbuminuria (37) .
Clearly, we need better predictors of DN. Microalbuminuria is currently the most commonly used predictor of DN risk, but it has been recognized that 40% of patients with longstanding diabetes at risk for DN will have normal urinary albumin when initially screened, there is an imprecise correlation between the degree of DN proven by biopsy and the level of microalbuminuria, and nephropathy may already be advanced by the time microalbuminuria develops (38) . Furthermore, only about 30% of patients with T1DM and microalbuminuria will progress to macroalbuminuria (39) . Repeated measure of HbA 1c has proven useful in predicting diabetic microvascular complications in large outcome studies (1), but it also has shortcomings as an early predictor of DN, including its estimation of average blood glucose over only a relatively short 3-month time period and its inability to fully reflect most of the key chemical pathways that produce complications (30) .
More widespread clinical use of new biomarkers such as those identified in the studies reported here could allow early individualized treatments to prevent diabetes complications by identifying those at high or low risk of complications during the earliest stages of diabetes. This identification could allow us to select risk-and cost-appropriate therapeutic regimens to achieve appropriate levels of glycemic control in individuals destined to develop early and more severe pathology. Important information on basic biochemical mechanisms and pathways responsible for diabetes complications provided by these studies could also stimulate the development of novel therapeutic approaches that could modify offending chemical pathways to delay or arrest DN. Figure 2dA forest plot of the ORs (and 95% CIs) for a 1-SD change in the three informative biomarkers (CML, CEL, and MGHI) and HbA 1c , as calculated from the logistic regression model. For example, a 1-SD increase in CEL would lead to a 1.72-fold increase in the odds of being in the FP group. The P values for these plots are associated with those shown in Fig. 1 .
